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ABSTRACT

Improvements are provided here for the ozone reference model which is to be incorporated
in the COSPAR International Reference Atmosphere {CIRA}. The ozone reference mode! wil
provide considerable information on the global ozone distribution, including ozone
vertical structure as a function of month and latitude from approximately 25 to 90 km,
combining data from five recent satellite experiments (Nimbus 7 LIMS, Nimbus 7 SBUY. AE-2
SAGE, Solar Mesosphere Explorer (SME) UVS, and SME IR). The improved models described
here use reprocessed AE-2 SAGE data {sunset) and extend the use of SAGE data from 1981 to
the period 1981-1983. It 4s found that these SAGE data agree at all tatitudes and months
with the ozone reference model within 15 percent and result in modifications in the
reference model of less than 4 percent. In the mesosphere, a model of nighttime
conditions (= 10 p.m.) has been added using Nimbus 7 LIMS data belween pressures of 0.5 mb
to 0.05 mb (= 54 to 70 km). Minimum nightside ozone mixing ratios occur at about 0.2 mb
(= 61 km). The ratio of nightside LIMS data to dayside (= 3 p.m.) SHE data gives diurnal
variations as large as a factor of 6 at the highest levels. At 0.1 mb (» 66 km}, the
night-day diurnal variation can exceed 3 and maximizes during solstice periods near 45
degrees in the summer hemisphere and near the Equator during equinoctial periods. This
may largely result from the dayside ozone being more strongly photodissociated by the more
directly incident summer Sun at mid latitudes and the equinoctial Sun at the Equator.
Comparisons are shown between the ozone reference model and various non-satellite
measurements at different levels in the middle atmosphere.

INTRODUCTION

An ozone reference model is being developed for incorporation in the next COSPAR
International Reference Atmosphere (CIRA). Previous versions of the Keating ct al. mode)
are described in the ozone chapter fn the "Draft Reference Middle Atmosphere® published in
Map Handbook Number 16 J1/ and in editions of Advances in Space Research /2, 3, 4/. The
ozone vertical structure from = 25 to 90 km s determined by combining results from five
contemporary satellite experiments: Nimbus 7 Solar Backscatter Ultraviolet (SBUV),
Applications Explorer Mission-2 Stratospheric peroce) Gas Experiment (SAGE), Suluy
Mesosphere Explorer (SME) UV Spectrometer {SME-UVS), and SHE 1.27 Micron Airglew {SME-IR).
Total column ozone is determined using Nimbus 7 TOMS data. Monthly standard deviations in
the zonal mean ozone are provided for both the vertica) structure and total column ozone,
indicators of the interannual variability are given, and models developed by /5/ relating
vertical structure of ozone to total column ozone for tow, medium, and high latitudes are
also included in the Xeating and Young representation. A brief discussion is 31s0
provided by Xeating and Young /1/ of the various systematic variations in ozone which have
been studied, including the annual and semiannual variations and quasi-biennial
oscillation, estimates of solar rotation and solar-cycle variations, diurnal variations,
longitudinal variations, possible variations with volcanic eruptions and nuclear
explosions, response to solar proton events, response to stratospheric temperature
variations, possible 4-year oscillations, and long-term trends.

In this paper, the models of vertical structure are improved using reprocessed AE-2 SAGE
data as one of the data sets for the period 1981-1983. Previously, only SAGE data from
1981 had been used. Also, models of the nightside mesospheric ozone are provided using
Nimbus 7 LIMS data from 0.5 mb to 0.05 mb (= 54 to 70 km). The reference model i5
compared with various non-satellite measurements of ozone.

The pressure range and time intervals of the data used in these improved models are shown
in Table 1.
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TABLE 1 Satelttte Data Used for Improved Ozone Reference Models

[nstrument

Incorporated
Pressure Range

Incorporated
Time Interva)

Nimbus 7 LIMS

Nimbus 7 SBUY
AE-2 SAGE

SME UVS

SME IR

Nimbus 7 TOMS

0.5 - 20mb
0.05 - 0.5 mb {night)
0.5 -~ 20m>
5 -20mb
0.07 - 0.5mb

0.003 - 0.5 mb

11/78 - 5/79
11/78 - 5/79
11/78 - 9/82
2/79 - 11/81
1/82 - 12/83
1/82 - 12/83

11/78 - 9/82
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Figure 1. Comparison of ozone mixing ratios from five satellite experiments.

COMPARISON OF SAGE OZONE WITH REFERENMCE MODEL {WORST CASE)
(PERCENT DEVIATION FROM MODEL}
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Figure 2. Comparison of reprocessed SAGE ozone data with improved reference model.

The percent deviation from the model shown here represents the maximum deviations
detected.
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Figure 3. Improved reference model of ozone volume mixing ratios (ppmv).



COMPARISON BETWEEN KRUEGER-MINZNER MODEL

AND SATELLITE MODEL OF OZONE
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COMPARISONS WITH SAGE

The Applications Explorer Mission-2 Stratospheric Aerosol and Gas Experiment (SAGE) used a
four-channel Sun photometer which measured solar intensity at sunrise and sunset to derive
ozone, aerosols, and NO, concentrations. Absorption of 0.6 micron solar radiation by
ozone allowed determination of the vertical structure of ozone to be obtained up to 30
times per day from February 1979 unti) November 1981. The early validation of the SAGE
measurements is described in some detail by /6/ and /7/. Recently, the algorithm for
determining ozone mixing ratios has been refined. We incorporate here a provisional
version of the refined (sunset) data which has been provided by the experimenter. The
data have been interpolated to the model latitudes, times, and pressures.

The reprocessed SAGE data is found to have very good agreement with the ozone reference
model. Shown in Figure 1 is an example of the agreement between the five data sets used
to generate the modeis of the ozone vertical structure from 20 mb to 0.003 mb (= 25-90
km). Note that the mixing ratio s displayed on a log scale to allow accurate
representation of the two orders of magnitude variation over this altitude range. It
should be recognized that each data set represent entirely different techniques of
measuring the vertical structure of ozone. The agreement shown is fairly representative.

The reprocessed monthly SAGE data is shown by right triangies and closely matches the
other data sets.

The vertical structure models are generated giving the 4-year mecan of the SBUY data a
weight of 2 due to the combination of extensive temporal and spalial coverage, while the
other shorter data sets are given a weight of 1. The resulting updated model is compared
with the reprocessed SAGE data in Figure 2. Over the latitudinal range of SAGE data
provided for September, the SAGE data gives values near the Equator which are less than 15
percent higher than the reference model. This is the worst casc of all months and
resuits in less than a 4 percent modification in the reference model at 20 mb near the
tquator for September. Thus, there are very smal) differences between this reference
model, which is available upon request, and the Keating and Pitts tabulation /4/.

The resulting ozone distributions for the equinox and solstice months are shown in Fiqure
3. Shown in Figure 4 15 a comparison of the Krueger and Minzner /8/ annual mean ozone
reference model of 45N latitude, which 1s given in the U.S. Standard Atmosphere, 1976, and
the updated ozone reference mode! provided here. The Krueger and Minzner model is based
on rocket and balloon soundings and takes into account the latitudinal gradients in ozone
near 45N from Nimbus 4 BUV observations. As may be szen, there is good agreement between
the balloon and rocket model and the satellite measurement model, especially over the
pressure range of the SAGE measurements incorporated here.

NIGHTSIDE MESOSPHERIC MODEL

The SME mesospheric measurements from which the mesospheric ozone models are based are
dayside measurements (- 3 p.m.). Observations and theoretical models show that
mesospheric ozone {s higher on the nightside (Hilsenrath /9/; Anderson et al. /10/; Wilson
and Schwartz /11/; Lean /12/; Vaughan /13/; Remsberg et al. /14/; Allen et al. /15/;
Solomon et al. /16/: Green et al. /17/; Lobsiger and Kunzi /18/; Bjarnason et al. /19/).
The Nimbus 7 Limb Infrared Monitor of the Stratosphere (LIMS) (Russel!} /20/) ootainen
mesospheric measurements on both the nightside and dayside. The LIMS instrument, a six-
channel cryogenically cooled radiometer, had a number of channels to measure temperature
and various species and included an ozeone channel near 9.6 microns. Detailed validation
studies have been described by Remsberg et al. /14/. Solomon et al. /16/ have shown that
the LIMS dayside measurements of the mesosphere should be corrected for nonlocal
thermodynamic equilibrium (non-LTE) effects. Shown in Figure 5 is an example of a LIMS
dayside profile before (LIMS LTE) and after (LIMS NLTE) correction for non-LTE effects.
After this correction, Seclomon et al. /16/ point ou! there was good agreement between
dayside LIMS and SME measurements. Shown in Figure & is the night-day ozone ratio based
on LIMS nightside measurements and the uncorrected (LIMS LTE) and corrected (LIMS NLTE for
two quenching rates) LIMS dayside measuyrements. As may be seen after the non-LTE
correction, the ozone ratio is in good agreement with the photochemical model. The
photochemical model results shown in the figure employ the photochemistry in the 2-
dimensional model of Garcia and Solomon /21/. Since the correction for non-LTE effects in
the dayside mesosphere have not been appitied to the LIMS data as a whole, we have chosen

to use only the SME data to represent the dayside mesosphere and nightside LIMS data to
represent the nightside mesosphere.

Shown in Table 2 are the monthly nightside (ascending) zonal means of Kalman-filtered LIMS
ozone volume mixing ratios (ppmv} (Remsberg et al. /22/) from the LIMS Map Archival Tape
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(LAMAT) interpolated to the standard levels tn the models. An **" is placed after values
where the error in zonal mean is estimated to exceed 20 percent. Values are shown between
0.5 mb and 0.05 mb (when available) from 605 to BON. vYalues between 505 and 60N are near
10 p.m. At the highest iatitudes, earlier local solar times occur.

Shown in Figure 7 1s the reference model for January, Equator. The LIMS nighttime values
from 1 mb to 0.05 mb are seen to depart from the dayside model above 0.5 mb (= 54 km).
Below 0.5 mb, 1ittle diurnal variability occurs due to the lower dayside 0/0, ratio at
lower altitudes resulting in less production of ozone on the nightside. 1In Figure B, a
similar pattern is shown for January, 60N (winter). Again, substantial day-night
variations do not appear to occur below 0.5 mb. Referring to the table, it may be seen
that a minimum mixing ratio generally occurs on the nightside near 0.2 mb (= 61 km). As

may be seen in Figures 7 and 8, a dayside minimum occurs at much higher altitudes, 75 or
80 km,

Shown in Figure 9 is the night-day ozone ratio for January, based on 1980 LIMS (= 10 p.m.)
and 1982-1983 SME (= 3 p.m.) data, as a function of latitude and pressure. It should be
taken into consideration that as opposed to all of the difference being diurnal, part may
be due to interannual variations and biases of SME data relative to LIMS data, even though
the agreement between dayside SME and LIMS in Figure 9 appears to be in accord with the
observed and predicted values given in Figure 6.

Figure 10 gives a detailed view of latitudinal-seasonal variations in the night-day ozone
ratio at C.1 mb (- 66 km). Ratios at this level can exceed a factor of 3 and maximize
during sclstice periods near 45 degree latitude in summer and near the Equator during
equinox periocds. This may largely result from the dayside ozone being more strongly
photodissociated by the more directly incident summer Sun at mid latitudes and the
equinoctial Sun at the Equator.

COMPARISON OF MODEL WITH OTHER MEASUREMENTS

It is of interest to compare the ozone vertical structure model, which is based on
satellite measurements, with ozone measurements obtained by other techniques. In Figure
4, a comparison has already been shown with the Krueger and Minzer (i976) model based on
balieoon and rocket data. Shown in Figure 11 is a comparison with the satellite data mode:
(47°N, annual mean) of the annual mean vertical distribution from czonesonde data from
Hohenpeissenberg (FRG) (48°N, 11°E) over the period 1967-1985 and from Thalwil-Payerne
(Switzerland) (47°N, 7°E) over the period 1967-1982, and the annual mean vertical
structure from Umkehr data from Arosa, Switzerland (47°N, 10°E), over the period
1955-1983. The three data sets were genrerousiy provided by R. D. Bojkov /23/.
Considering that the ozonesonde and Umkehr data do not represent a zonal average, but do
represent conditions over a period of many years, the agreement is very good.

Over the period Apri! 1984 to April 1985, a microwave radiometer was operated at Bern,
Switzerland (47°N, 7°€), measuring the thermal emission of the rotational ozone transition
at 142.2 GHZ to determine stratospheric and mesospheric ozone abundances in the range of
25 to 75 km. Monthly mean ozone partial pressures for Umkehr layers 6-10 were calculated
from over 300 daytime profiles. Shown in Figure 12 (Lobsinger /24/) are the -2culting
ozone profiies obtafned by the microwave measurements (solid line) compared with Umkehr
measurements from Arosa (dashed line), 20-year monthly mean Arosa Umkehr (crosses), and
the Keating and Young /1/ ozone reference model {open circles). The differences with the
reference model may be partially due to local year-to-year phase shifts relative to the
zonal mean variations. Note the excellent agreement in the annual variation at Umkehr
levels 7 and 8 between the reference model and Arosa Umkehr (20 years) measurements.

A comparison with other information is also made between the annual mean of the microwave
measurements in Figure 13. Residuals are shown relative to the microwave measurements
(Lobsinger /24/). The solid line 1{s the 20-year annual average of Arosa Umkehr
measurements, the dash-dotted line the Krueger and Minzner /B/ model, and the dashed line
the Keating and Young MAP model /1/. With the exception of Umkehr levels 5 (= 22 mb) and
14 (= 0.04 mb), the annual microwave measurements agree very closely with other
information.

An ozone measurement campaign was conducted at Natal, Brazil (6°S, 35°W) in March-Apri)
1985, resulting in seven profiles from ROCOZ-A ozonesondes (Barnes et al. /25/). Shown in
Figure 14 is comparison of a mean of the ROCOZ-A ozone measurements with the MAP Interim
Ozone Mode! /1/. The agreement is excellent, with the Natal measurements averaging 2
percent higher than the MAP mode! with a 3 percent standard deviation. The agreement
between ozone data in the mid-1980's with a model based on sateliite data in the late
1970's and early 1980's has interesting implications concerning the amplitude of long-term
trends.
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DIURNAL VARIATION OF OZONE IN MESOSPHERE
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Figure 7. Diurnal variation of mesospheric ozone from satellite data. Comparison of ozone
reference model (dayside above 0.5 mb) with the LIMS nightside measurements (0.05 mb to 1 mb)

for Equator in January.
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Figure 8. Same as Figure 7 but for 60°N in January.
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05

Q7

PRESSURE, mbar

LATITUDE, deg

Figure 9. Night to day ozone ratio for January based on 1980 LIMS nightside data and 1982-1983
SME dayside data as a function of latitude and pressure.

NIGHT {LIMS) / DAY (SME) MESOSPHERIC DZONE RATIO

60

& 20 - - .
© \‘u 3.5 N
N I
= 0 {5 v 4
S Y °
2 -
= \_’3'6
« -20f .
- Je 2.9 /-
L
-40 N \’j _
&3‘ V-
-60 N . . "

o
z
o
o~
e
=
>
=

Figure 10. Night (LIMS) to day (SME) mesospheric ozone ratio at 0.1 mb (= 66 km) as a
funcuon of lantude and season.
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OZONE REFERENCE MODEL AND LONG-TERM BALLOON AND UMKEHR MEA SUREMENTS
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Figure 11. Comparison of ozone reference model based on satellite data with annual means of
long-term balloon and Umkehr measurements.
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Figure 12. Comparison of monthly variations in ozone partial pressure from (a) microwave
measurements from Bem, Switzerland, (b) simultaneous Umkehr measurements from Arosa,
Switzerland, (c) 20 years of Umkehr measurements from Arosa, Switzerland, and (d) the ozone
reference model based on satellite data (from /24/).
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RESIDUALS FROM ANNUAL MEAN OF MICROWAVE MEASUREMENTS
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Figure 13. Residuals from annual mean of microwave ozone measurements from Bern,
Switzerland of (a) 20 years of measurements from Arosa, Switzerland, (b) The Krueger and
Minzner model /8/, and (c) the ozone reference model based on satellite data (from /24/).
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Figure 14, Comparison of equatorial ozone measurements obtained from 7 ROCOZ-A
ozonesondes in 1985 with the ozone reference model based on satellite data (from /25/).
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